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Agriculture contributes most of the nitrate-nitrogen (NOa-N) that 
leaches into ground and surface water supplies. The amount of NOa-N 
~ound in groundwater has been directly linked to the amount of nitrogen 
) ~ertilizer applied to grain crops such as corn and wheat and also to 
tPecialty crops such as fruits and vegetables (Hallberg, 1986). Factors that 
control the rate of NOa-N leaching are the total amount of nitrogen in the 
soil, the amount of water percolating through the soil, and the rate at 
which nitrogen is removed from the soil by processes such as plant uptake, 
denitrification and volatilization (Hallberg, 1986). 
Because cropland in the Corn Belt is heavily fertilized and is well-
watered by natural precipitation, NOa-N leaching into ground water in this 
/~gion is wide~~.e~..-d!lnT988 through 1989, a s~--;;-of private:-ruraT~ells I 
in Iowa found that 18% of the water in all wells had NOa-N concentrations . 
above the 10 mg 1-1 drinking water standard. Over 35% of the samples from; 
wells less than 50 ft deep had NOa-N concentrations above the standard J 
e.nony~?~~?.~99~). ..,- .. ' . .' - .. -- ----, 
Nitrate nitrogen contamination of ground and surface water, is not 
just a recent problem. In 1945, less than 0.2 kg ha-1 of nitrogen was applied 
to Iowa cropland as commercial fertilizer, but that figure had jumped to 
162 kg ha-1 by 1985 (Voss, 1991)_ In 1945 and in the period 1980 to 1990, 
however, the average yearly stream flow and NOa-N concentration in the 
Des Moines River in central Iowa were similar (Keeney and DeLuca, 1992). 
These authors attributed the 5.0 ppm level of NOa-N in the Des Moines river 
during 1945 to mineralization and leaching of organic nitrogen sources, 
including manure nitrogen, organic soil nitrogen and nitrogen fixed by 
legumes. They also ascribed the 504 ppm yearly average in the river during 





These observations imply that nitrogen management is the key factor 
for controlling N03-N leaching from cropland to surface and ground water 
sources. To best manage nitrogen for most efficient use, we must better 
understand how farming practices affect the physical and chemical 
transformations of nitrogen in cropland. 
To support this goal, this study evaluated the effect of long-term, 
continuous crop management practices. There were two specific objectives. 
The first was to determine the effects of four tillage practices (chisel plow, 
moldboard plow, no till and ridge till) and two crop rotations (continuous 
corn and corn-soybean) on the soil moisture content. The second was to 
evaluate the effects of these tillages and crop rotations on the N03-N content 




Nitrification Converting the ammonium ion (NH4 ~ to the nitrate 
ion (N03) changes soil N from a relatively immobile form to a water-
soluble form easily leached from the soil into ground water. Nitrification, 
however, is desirable during the active growing season since nitrate 
nitrogen (N03-N) in the soil solution is more readily available to plants than 
ammonium nitrogen (NH4-N) which is adsorbed to clay and organic 
material in the soil. 
Optimum conditions for nitrification occur when the soil is moist and 
oxygenated, the pH near neutral, and NH4 +-N abundant. In addition, the 
temperature must be above O°C (32°F) (Keeney, 1982) and preferably 30-35°C 
(85-95°F) (Paul and Clark, 1989). In this environment, specialized bacteria_ 
rapidly convert NH4 + to N03- in two steps. First, bacteria such as 
Nitrosomonas oxidize NH4 + to nitrite (N02 -). Then another group 
including the bacteria Nitrobacter further oxidizes N02 - to NOa -. These 
conversions supply energy to the nitrifying bacteria. 
Nitrogen (N) in prairies and forests is immobilized in organic form 
as microbial and plant tissues or is strongly adsorbed as NH4-N onto clay 
and soil organic matter. In both cases, the population of nitrifying bacteria 
is small and little NH4-N is converted to NOa-N. In fertilized or grazed land, 
readily available NH4-N will increase the population of nitrifying bacteria 
and stimulate plant growth. 
Immobilization Under warm, moist, oxygenated conditions, all 
plants and soil microorganisms consume N to produce protein, nucleic 
acids and other N-containing tissues. While plants generally assimilate 
only inorganic N such as NOa-N and NH4-N, many microorganisms tend to 
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recycle dead organic residues or prey on living organisms. If organic N is 
scarce or is resistant to decomposition, however, soil microbes will 
immobilize inorganic N at the expense of plant growth (Pendleton, 1930). 
Plant immobilization is a major N transformation during the 
growing season. Plants also stimulate microbial activity in the rhizosphere 
(soil environment near roots) by secreting enzymes and carbohydrates, 
sloughing dead cells, and excreting water and other low molecular weight 
compounds. There may be 100 times more microorganisms and a 
correspondingly larger amount of immobilized N in the rhizosphere 
compared to the bulk soil (Blackmer, 1991). 
Mineralization Organic N can also be mineralized to NH4 -N by 
many microorganisms to produce energy. In virgin prairies and forests, 
the rate of mineralization is balanced by immobilization. In grazed 
pastures, clear cut forests and cultivated fields, though, there is often 
excess N from animal wastes, decaying plant tissue, and fertilizers. The 
rate of mineralization under these conditions can far exceed the 
immobilization rate. This increases the chance that NH4-N will be nitrified 
to N03-N and lost from the soil. 
In one study, plots that were conventionally tilled (chisel or 
moldboard plowed) were planted with corn and fertilized at different rates 
and others were left fallow and unfertilized. The soil N03-N levels in the 
fallow plots were as high or higher as those in the fertilized plots. Because 
the fallow plots held more moisture and were warmer, a higher rate of 
mineralization was favored (Staver and Brinsfield, 1990). 
The rate of mineralization may also be higher in the rhizosphere 
compared to that in bulk soil. If so, plants must absorb this mineralized N 
shortly after it is formed, since little of it migrates into the bulk soil as 
NOa-N (Haider et al., 1987). 
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Deni trification All plants and many microbes are obligate 
aerobes; they require oxygen to metabolize and assimilate N compounds. 
Facultative (aerobic or anaerobic) and obligate anaerobes, however, can 
extract energy by denitrifying N03- to nitrogen gas (N2) in the absence of 
oxygen. Anaerobic conditions usually occur when soil is waterlogged after 
heavy rains or irrigation. 
Denitrification proceeds most rapidly when the soil temperature is 
20-35°C (68-95°F), but continues at slower rates below O°C (32°F) and above 
40°C (104°F) (Keeney, 1986). An adequate source of carbon and pH between 
5-9 (Keeney, 1986, Paul and Clark, 1989) are also needed for denitrification. 
Denitrification is often assumed to occur only in the upper soil layer 
because there is little carbon below the root zone. Denitrification does occur, 
however, in poorly drained and finely textured subsoils that receive carbon 
particles washed from surface soil layers. Soils that may support subsoil 
denitrification include those in tile drained fields of central Iowa (Keeney, 
1986, Kanwar et al., 1987). 
When N03-N is limited, the denitrification rate is dependent on the 
concentration ofN03-N present (Keeney, 1986, Haider et al., 1987). The rate 
is independent of concentration, however, when the amount of N03-N is 
high, a situation typical in cropland and pasture (Keeney, 1986), especially 
just after N fertilizer has been applied. 
Leaching and surface runoff Nitrate nitrogen is soluble in water 
and is not adsorbed like NH4-N to clay and soil organic material. Given 
these properties, N03-N tends to leach downward at a highly variable rate 
with water percolating through the soil (Kanwar, 1985, Jolley, 1976). 
Leaching to shallow ground water during the growing season can remove 
as much as 50% of the N fertilizer applied to cropland (Kanwar et al., 1992, 
Kanwar et al., 1987). Powlson et al. (1992) reported that 2.6% by weight of 
fertilizer N applied in spring to winter wheat was lost for every 10 mm of 
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rainfall within three weeks after fertilizer application. Surface runoff is 
generally a minor path for N03-N loss unless heavy rains fall soon after 
N03-N fertilizer has been surface-applied to cropland. 
Factors influencing N'transformations 
The rate at which N is transformed in the soil environment is 
controlled by the water content in and flow through the root zone, the soil 
temperature and other climatic effects, and the' ratio of carbon (C) to Nand 
the total N content. These factors, in turn, are affected by management 
practices such as tillage, irrigation, crop selection and fertilization. 
Water content in and flow through the root zone Optimum 
moisture conditions near the soil field capacity promote vigorous plant and 
aerobic microbial growth. If the soil is dry during the growing season, 
however, nitrifying bacteria may produce more N03-N than be assimilated 
by plants or microbes, leached into groundwater or otherwise transformed. 
High levels of NOS-N in drought conditions can depress total plant uptake of 
N, reduce grain yields, and increase leaching and denitrification when soil 
moisture levels rise again (Jokela and Randall, 1989, Staver and Brinsfield, 
1990). Organic N in the form of dead plant and microbial tissues also 
accumulate when rainfall is scarce. When the moisture level increases, a 
fl ush of nitrification can occur as excess organic N is mineralized and the 
resulting NH4-N is nitrified (Baker et al., 1986). This effect is seen in fallow 
and planted cropland (Staver and Brinsfield, 1990) and can also occur in 
undisturbed prairie and forest ecosystems. 
When the soil moisture level is higher than 60% of the total moisture 
holding capacity, soil generally becomes anaerobic (Paul and Clark, 1989) 
and denitrification is likely. Sandy, well-drained soils seldom hold enough 
water to become anaerobic, but moist, finely textured soils may contain 
anaerobic pockets that support denitrification even when the bulk soil is not 
waterlogged (Keeney, 1986). 
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The water holding capacity and leaching potential of soil depends 
strongly on soil texture. Sandy soils have higher permeability and only 
10-50% of the water holding capacity of clay soils (Smith and Cassel, 1991). 
Soils with little organic matter also have a reduced water holding capacity. 
Water is more likely to percolate quickly through such soils and thus leach 
N03-N from the root zone. 
The thicker mulch left on crop land from minimum or no-tillage 
(NT) practices slows evaporation and minimizes surface runoff, 
particularly when there is a substantial amount of crop residue, such as 
that from continuous corn or grass crops. Soil moisture and water 
percolation are generally higher in NT soils compared to conventional till 
(CT) soil (Smith and Cassel, 1991). These factors increase the probability of 
denitrification and N03-N leaching. 
Most soils contain macropores, including cracks, worm burrows, 
and root holes. Macropores in NT soil, however, tend to be larger in 
diameter and form a better-connected network than those in CT soil (Singh 
and Kanwar, 1991). Macropore openings at the surface are also not 
disrupted as much in NT soil as in moldboard plowed soil. Further, there i 
are more earthworms (L. terrestris) in NT soil and thus more worm I 
burrows (Dick, 1991, Edwards et al., 1992). Burrows can be 75 to 100 cm deep \ 
! 
and are vertically oriented (Edwards et al., 1992). 
Rather than evenly displacing the soil solution (matrix flow), 
infiltrating water tends to flow preferentially into macropores with 
openings at the soil surface. In a study of simulated rainfall on NT soil 
blocks, a large fraction of high intensity rainfall flowed through the largest 
worm burrows when the soil was relatively dry. The transport of surface-
applied bromide (Br-), a conservative ionic tracer similar to N03- and 
chloride (CI-), was proportional to the total amount of water that percolated 
through the blocks. In subsequent or lower intensity rainfall, the total 
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volume of infiltrating water and its rate of travel through the soil were 
reduced. The concentration of Br- in the water was also lower (Edwards et 
al.,1992) probably because more Br- could migrate into the bulk soil solution 
by matrix w~ter flow. A study of CI- flow through soil columns showed NT 
soil contained more immobile pore water than CT soil (Singh and Kanwar, 
1991). These \tudies suggest that N03-N in the soil water solution is less 
available for leaching than is N03-N at or near the soil surface. Compared 
to CT soil, the extensive macropore structure in NT soil can increase N03-N 
leaching (Kanwar et aI., 1992) or decrease leaching (Kanwar, 1985) 
depending on the position of N03-N in the soil. 
The type of fertilizer N applied also affects N03-N leaching. In one 
study, a soil column was fertilized with urea (CO(NH2)2) which is rapidly 
converted to NH4-N in the soil. The column was watered three days later by 
simulated rainfall. Twelve days after the rainfall, most of the N03-N was 
still in the top 50 mm layer of soil. In a second experiment, the rainfall was 
scheduled seven days after fertilization. The highest N03-N concentration 
after this event was about 90 rom below the surface. The NH4-N was 
adsorbed to soil organic matter right after application so it did not leach 
with the early rain. Since the NH4-N was slowly converted to soluble N03-N, 
however, the late rain did cause leaching (Tillman and Scotter, 1991). 
Soil temperature and climatic effects During late fall and winter, 
the rate of biological N transformations slows until it is negligible at 0-5°C 
(32-41°F). Nitrate leaching is then the major form of N loss until the soil 
freezes. Over 90% of the N03-N in the top 30 cm of soil in December was 
gone by late March in CT and NT corn plots with no fall cover crop (Staver 
and Brinsfield, 1990). Another study reported that N03-N levels were low in 
NT .or CT barley plots when measured each spring (Nyborg and Malhi, 
1989). A survey of sites in Ohio, Kentucky, Pennsylvania, Ohio, North 
Dakota and Ontario found that most of the soil N in samples collected 
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during February and May was in forms other than N03-N. The N03-N soil 
concentration was also the lowest at those times (Lockman and Storer, 
1990). These results imply significant leaching and minimal nitrification 
during colder months. 
Nitrate leaching in the winter may also be promoted by changes in 
the soil structure. A study of CI- movement in laboratory soil columns 
showed that CI- was less mobile in summer conditions than in winter. In 
winter, water entering the soil tended to displace the existing soil solution. 
Greater preferential flow in summer may have been caused by more 
surface dryness and cracking caused by high soil temperatures (Corwin et 
al., 1991). In NT cropland, however, the surface soil is wetter and cooler in 
summer. These factors should minimize preferential flow through surface 
cracks compared to CT. 
Ratio of C to N and total N content Soil organic matter affects the 
physical structure and chemical composition of soil including its water 
permeability, root permeability, erosion resistance, nutrient holding ability, 
and cation exchange capacity. The amount and distribution of soil organic 
matter is the single best predictor of the productivity of a soil (Paul and 
Clark, 1989). A balanced food source for a typical soil microbial population 
would contain a C:N ratio of about 25:1. (Plants, unlike microbes, extract 
the C they need from carbon dioxide (C02) gas.) Plant residues that provide 
a balanced C:N ratio for microbial growth contain about 1.6% Nand 40% C 
by weight (Paul and Clark, 1989). This ratio provides enough C and N for 
tissue production plus extra C needed for energy. Under these conditions, 
the rate of microbial immobilization will balance that of mineralization. 
Excessive soil N, however, encourages mineralization, nitrification, 
denitrification and leaching. 
Applying small amounts of fertilizer several times during the 
growing season may improve plant and microbial uptake of N compared to 
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one large fertilization in spring. In one study, 125 kg ha·1 N was applied in 
three applications to NT corn. Compared to a single spring application of 
175 kg ha-1 N, this technique reduced the N03-N concentration by about 25% 
in the water leaching from the root zone because. there was less NOa-N 
available for leaching at anyone time and in total. The plant uptake of N 
was also possibly more efficient (Kanwar et aI., 1987). Jokela and Randall, 
1989, however, found that corn used fertilizer applied at the 8-leaf stage less 
efficiently than fertilizer applied at planting. There was also more NOa-N in 
the soil profile in the fall after the late application. Most of this residual 
NOa-N either leached or denitrified during the winter because little NOa-N 
remained at the beginning of the next growing season. Drought and above-
adequate N levels were major causes of this reduced plant uptake of late-
applied fertilizer (Jokela and Randall, 1989). Another study showed no 
difference in soil NOa-N levels between corn plots fertilized at planting and 
those fertilized at the 6-leaf stage. This trend was observed during one year 
of long-term average rainfall and two years of 20-25% less rainfall than 
average (Jokela, 1992). 
Alternatively, plant and microbial immobilization of N can be 
improved by supplying cropland with sources of both C and N. This 
includes animal manure; green manures such as rye which are planted in 
fall and tilled under in spring; crop rotations that include corn or 
grass/clover which produce more plant residue; and supplemental 
carbonaceous material like corn cobs, straw, or wood chips. 
In one study, the microbial biomass was 10 to 26% larger in manured 
fields compared to fields that had commercial N fertilizer and pesticides 
applied. This was due to higher C and soil moisture levels in the manured 
plots, not to any particular effect of the N fertilizer and pesticides (Fraser et 
al., 1988). These authors stated that any N conservation due to the larger 
biomass would depend on the environmental conditions that controlled the 
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rate of mineralization and nitrification. Some studies have shown manured 
plots contain about the same or slightly larger quantity of soil NOa-N 
compared to plots fertilized with the equivalent amount of inorganic N 
(Roth and Fox, 1990, Jokela, 1992). It appears that the leaching potential of 
N03-N from either fertilizer source may be comparable. 
Planting a fall cover crop of rye, oats, wheat or other cereal grain is 
another way to immobilize N. Researchers planted a cover crop of rye after 
harvesting corn from chisel plowed and NT plots. In December, the soil 
NOa-N levels for both tillages with cover crops were reduced over 50% 
compared to plots with no cover crop. Most of this N was also assimilated by 
the cover crop in early fall before the start of wetter weather. Additional N 
was immobilized in early spring as the cover crop resumed growth (Staver 
and Brinsfield, 1990). 
Surface residue such as straw, corn cobs or corn stover can also be 
left after harvest or added to the soil to increase organic C. Roots are also a 
major source of organic C in grassland and in crops such as soybeans that 
supply little surface residue (Wood et al., 1991, Paul and Clark, 1989). Corn 
stalks, including cobs, have a C:N ratio from 40:1 to 60:1. Experiments have 
shown that adding extra cobs and ground-up newspaper can lower the soil 
N03-N, although this is impractical on a large scale (Keeney, 1982). 
Although any carbonaceous residue will initially increase the organic C 
content in the soil, decomposition-resistant compounds such as wood and 
corn residues tend to raise the long-term organic C level since the lignin in 
these residues is not oxidized to C02 gas and thus lost from the soil (Paul 
and Clark, 1989). 
Tillage further affects the amount of organic C and N in surface soil 
because it affects the rate at which plant residues are decomposed. 
Conventional till aerates the soil, breaks up plant residues, and 




throughout the tilled depth. This microbial growth accelerates the 
decomposition of organic material and the loss of carbon as C02. No-till 
minimizes soil and plant residue disturbance. Microbial activity is 
concentrated in the surface soil layer and residue decomposition and CO2 
evolution are minimized (Paul and Clark, 1989). Since the amount of crop -
residue on the soil surface is controlled by the interaction of tillage and crop 
rotation, however, it is this combined influence that affects the amount of 
organic Nand C (Havlin et al., 1991, Dick et al., 1991). Compared to CT soil, 
organic C in the top 5 cm was higher in NT soil after 25 years (Dick et al., 
1991) and in the top 2.5 cm of NT soil after ten years (Havlin et al., 1990). The 
total amounts of organic C and N in the NT soil were directly proportional 
to the clay content and to the amount of residue on the soil surface (Havlin 
et al., 1990). 
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METHODS AND MATERIALS 
Experimental site 
The effects of crop rotation and tillage on crop yields have been 
studied since 1977 at Iowa State University's Northeast Research Farm 
near Nashua in northeastern Iowa. The experimental site includes 36 
plots; each plot is 0.4 ha in size. Four tillage systems used are chisel plow 
(CP), moldboard plow (MB), no-till (NT), and ridge-till (RT) and the two crop 
rotations are continuous corn (Zea mays L.) and corn-soybean (Glycine 
max L.). Each combination of crop (continuous corn (CC), current year 
corn (CS) and current year soybean (SC) in a corn-soybean rotation) and 
tillage is replicated three times in a randomized complete block design. The 
pesticide and fertilizer application rates used since 1977 for each crop 
rotation are listed in Table 1 and the plot layout is shown in Figure 1. 
Table 1. Chemical application rates (adapted from Karlen et al., 1991) 
Years N-P-K 
Crop rotation kg ha-l 
Continuous corn 1977·1982 202-26-50b 
1983-1992 202-17-66b 
Rotation corn 1977·1982 168-58· HOb 
1983·1992 168·38· 147b 
Rotation soybean 1977·1992 0-0-0 
Insecticide 















a Active ingredient . 
b Starter fertilizer providing additional 4·6-12 kg ha-l N·P·K was applied 
in a band to corn at planting time 
c Common trade names: Alachlor: Lasso™ Atrazine: Aatrex™ 
Cyanazine: Bladex™ Metribuzin: SencorTM Terbufos: CounterTM 
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CC Continuous com 
CS Com-soybean 
SC Soybean-com 
Figure 1. Layout of the experimental site at the ISU Northeast Research 
Farm near Nashua, Iowa 
The soils at the site are Floyd loam (fine-loamy, mixed, mesic Aquic 
Hapludolls), Kenyon loam (fine-loamy, mixed, mesic Typic Hapludolls), 
and Readlyn loam (fine-loamy, mixed, mesic Aquic Hapludolls) (USDA, 
1977). These soils belong to the Kenyon-Clyde-Floyd soil association, a group 
of loamy to silty soils that are moderately well to poorly drained and lie over 
loamy glacial till (USDA, 1977). Table 2 shows the predominant soil types in 
the plots for each treatment and Table 3 lists some of the physical 
characteristics for these soils. 
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Table 2. Predominant soil types at the experimental site 
Number of plots in each soil type 
Treatment" Floyd Kenyon Readlyn 
Continuous corn 
Chisel plow 1 2 
Moldboard. plow 3 
No till 1 2 
Ridge till 2 1 
Corn-soybean rotation 
Chisel plow 1 2 
Moldboard plow 1 2 
No till 2 1 
Ridge till 2 1 
Soybean-corn rotation 
Chisel plow 2 1 
Moldboard plow 2 1 
No till 3 
Ridge till 2 1 
Totals 10 15 11 
Groundwater sampling system 
A network of subsurface drain lines about 1.2 m deep were added in 
1979 to minimize variability in soil drainage. A trenchless drain plow was 
used to place lines running through the center of each plot to minimize soil 
disturbance. Between-plot lines were installed with a trencher. 
The line in the center of each plot collects water from a 0.2 ha area 
free of contamination from adjoining plots. Water from each of these in-plot 
lines flows into its own tile sump, then is pumped to one of ten common 
collection sumps. The water in the collection sumps flows by gravity to the 
county tile lines and is eventually discharged to a nearby river. 
A small tee connection on the outlet of the pump in each tile sump 
diverts about 0.2% by volume of the water to a sample bottle. These 
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composite samples are collected once a week and analyzed for pesticides. 
Within 60 days of pesticide application, the samples are also collected after 
a major rainfall of 2.5 cm or more. 
A small amount of water is also removed three times a week directly 
from each tile sump for N03·N analysis. A flow meter on the discharge of 
each sump pump records the total amount of water flowing from each plot. 
These meters are read when N03·N samples are collected. 
Samples of deeper ground water are collected monthly from 1.8 and 
2.5 m deep piezometers in each plot and from five piezometers 3.0, 6.1, 9.2, 
15.2, 19.8 m deep at the west edge of the plots. 
Table 3. Selected physical properties of soils at the experimental site 
Depth, em 
Soil type 10 20 45 60 00 120 150 180 
Floyd 
Sand, % by volume 35 ~ ~ ~ :J3 42 60 3t NA 
Silt, % by volume 42 :B :B :J3 :J3 :J3 ~ :J3 NA 
Clay, % by volume 23 24 24 24 24 20 10 28 NA 
PAWCa, em em-l soil 0.21 0.21 0.21 0.21 0.19 0.12 0.15 0.17 0.17 
Bulk density, g em-3 1.35 1.38 1.40 1.40 1.40 1.45 1.65 1.70 1.70 
Perm.b, em hr-l ............. -··-0. 6-2.0-· """'" "'" 0.6-6.0 ·_·····-0.2-0.6-······ 
Kenyon 
Sand, % by volume 44 3t ~ 45 45 45 46 45 NA 
Silt, % by volume ~ 42 :J3 28 28 ~ 'Xl 28 NA 
Clay, % by volume 19 24 25 'Xl 'Xl 29 'Xl 'Xl NA 
PAWC, em em-l soil 0.21 0.21 0.21 0.21 0.18 0.18 0.17 0.16 NA 
Bulk density, g cm-3 1.50 1.50 1.50 1.52 1.55 1.65 1.72 1.77 1.80 
Penn., cm hr-l ················-0.6-2.0-··············· ···········-0.2-0.6-··········· 
Readlyn 
Sand, % by volume ~ ~ ~ 46 46 44 45 45 NA 
Silt, % by volume 41 41 40 'Xl 27 28 29 33 NA 
Clay, % by volume 23 23 23 'Xl 'Z7 28 2B 22 NA 
PAWC, em em-l soil 0.20 0.20 0.20 0.20 0.20 0.17 0.17 0.16 NA 
Bulk density, g cm-3 1.45 1.45 1.45 1.45 1.45 1.60 1.65 1.67 1.70 
111 1 Perm.,~hr- ..... , ..... ·····-0. 6 -2. 0-· ...... , ....... .... , .. ····-0.2 -0. 6-···· ...... , 
a Plant available water capacity, adapted from USDA, 1977 
b Water permeability, adapted from USDA, 1977 
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Soil sampling and analysis methods 
To minimize the effect of the tile line and plot edges, soil samples 
were colleeled only from the middle quarter of each plot, avoiding the center 
row overlying the tile drain. The sampling locations in a plot were spaced 
across most of this sampling area and were consistent from plot to plot. All 
cores were taken from row centers. After a core was removed, the resulting 
man-made macropore in the soil was plugged with bentonite clay granules. 
In 1990, late spring samples were collected on May 30 about 40 days 
after N fertilization. Late summer samples were taken starting September 
25 when the crops were mature. A third set of samples was collected in mid 
to late October after harvest (exact dates not recorded). Table 4 lists the dates 
of soil sampling and relevant farming activities in 1990 at the experimental 
site. To collect samples, a zero-contamination hand sampler was used to 
remove 2.5 cm cores 180 cm long. As the sampler was pushed into the soil, 
each core slid into I a clean liner made of PETG (polyethylene 
terephthalate, glycol-modified) plastic to protect the sample from 
contamination. The samples were frozen promptly after collection. 
The cores were sectioned into a set of nine samples representing the 
following depths: 0-10,10-20,20-30,30-45,45-60,60-90,90-120, 120-150, and 
150-180 cm. Three cores were collected per plot and were composited into 
one set of samples. The samples were wrapped in aluminum foil, then 
overwrapped with a labelled polyethylene bag. The foil protected the soil 
from contamination by plasticizers in the plastic which can interfere with 
pesticide analysis. The samples were stored frozen until they were needed 
for laboratory testing. 
At the time of this writing, all samples from 1990 had been tested 
except those from corn plots in the corn-soybean rotation for October. These 
samples apparently were discarded or misplaced during storage so no 
testing was ever completed on this group of soil samples. 
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Table 4. Dates of planting, chemical application, harvesting, and soil 
sampling in 1990 (adapted from Kanwar et aI., 1992) 
Date Julian Activity 
date 
4/18/90 100 Applied 202 kg ha- l N on continuous corn 
4/23/90 113 Finished applying N on continuous corn plots 
Applied 168 kg ha- l N on all corn-soybean plots . 
5/2/90 1.22 Surface broadcast 2.2 kg ha- l alachlor and 2.8 kg ha- l 
atrazine on continuous corn plots 
Applied 1.2 kg ha- l terbufos on continuous corn plots 
Planted corn 
5/3/90 123 Finished planting corn 
Surface broadcast 2.2 kg ha- l alachlor and 2.8 kg ha- l 
cyanazine on corn-soybean plots 
5/18/90 138 75% corn emergence 
5/23/90 143 Surface broadcast 2.2 kg ha- l alachlor and 0.45 kg ha- l 
metribuzin on soybean-corn plots 
Planted soybeans 
5/30/90 150 Late spring soil sampling 
6/2/90 153 75% bean emergence 
9/25/90 268 Late season soil sampling 
1011190 274 Corn harvest 
10/16/90 289 Soybean harvest 
10/25/90 293 Post-harvest soil sampling, estimated date 
Soil moisture was measured by weighing a sample of soil, drying it at 
105°C for 24 hr, reweighing the cooled sample, and calculating the soil 
moisture as the percentage water on a dry soil basis. 
For N03-N analysis, a weighed sample of wet soil was mixed with 
2 N (normal) KCI (potassium chloride). This mixture was shaken for one 
hour, then filtered. The resulting filtrate was analyzed with a Lachat Model 
AE ion analyzer which first converted the colorless N03-N in the filtrate to a 
pink water-soluble dye. The analyzer then measured the color intensity by 
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spectrophotometry. The color intensity was proportional to the N03-N 
concentration. Results were reported as ppm nitrate nitrogen (N03-N) on a 
dry soil basis. 
Soil sampling work in progress 
Soil samples have been collected for the 1991 and 1992 growing 
seasons. As the laboratory results for these samples become available, these 
new data will be analyzed for significant trends and compared to 1990 data. 
This will create a broader view of soil moisture and N03-N levels based on 
several growing seasons and a variety of environmental conditions. 
RESULTS AND DISCUSSION 
Tillage and crop rotation effects on soil moisture content 
Normally, annual precipitation at the experimental site averages 
750 mm, but the 1990 precipitation totalled almost 1200 mm (Figure 2). Close 
to 90% of this total occurred from March through September, so the soil 
moisture content during the growing season was probably at or near field 
capacity. This assumption· is supported by the moisture levels measured in 
the 180 cm soil profile for May, September and October, 1990, These 
respective levels were 30.6, 30.5 and 28.2% by volume. For comparison, the 
in-situ field capacity of a Floyd clay loam in a 100 em soil profile was 32.4% 
water by volume (Shaw et aI., 1959). 
Figure 3 shows the moisture levels in the 0 to 10 em soil layer for all 
tillage groups except those in the corn-soybean (CS) rotation for October for 
which data was not available at the time of this writing. The soil moisture 
levels for the plots in each group of tillages for each crop rotation and 
sampling time were tested for significant differences by calculating 
Scheffe's least significant difference (SLSD) at an overall error rate of 0.05 
(Ott, 1988). In October for the CC rotation, the moisture levels in NT were 
significantly higher than in MB tillage. Although there were no other 
statistically significant differences, this trend was observed in all tillage 
groups except that for the soybean-corn (SC) rotation in October. Another 
trend was that ridge till (RT) plots tended to have a higher soil moisture 
content than chisel plow (CP) plots except for the SC rotation in September. 
In that case, the moisture level in CP plots was higher. The SLSD bars in 
Figure 3 ranged from 0.6 em to 1.46 em water. This fairly narrow range 
indicates that there was a similar amount of variability in the soil moisture 
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Figure 2. Cumulative daily precipitation and 7 day running average air 
and 10 cm deep soil temperatures for 1990 (adapted, in part, from 





















































































































































































The 0 to 20 cm soil layer was also evaluated for these trends. Tillage 
did continue to ~fect the moisture in this layer of soil, but there were no 
statistically significant differences and the trends were less distinct. The 
tendency for NT moisture levels to be higher than MB levels was supported 
in the September and October tillage groups, but 'the trend for RT moisture 
contents to be higher than CP levels in the 0 to 20 cm layer was seen only in 
the May tillage groups. This information is shown in Table 5. 
Figure 4 presents the average total soil moisture in the entire 180 cm 
soil profile for each group of tillages within a crop rotation and sampling 
date. All treatments are shown except those for the October CS rotation. 
Scheffe's test with an overall error rate of 0.05 was again used to identify 
statistically different moisture levels for each tillage group. In May for the 
CC rotation, the moisture content in the tillage group for MB plots was 
significantly lower than that for NT plots. This was the only statistically 
significant difference identified. The trend of MB plots having lower 
average moisture levels compared to NT plots, however, was observed for 
all other sampling dates and crops, except those for SC in May. Chisel plow 
(CP) plots also tended to have lower moisture levels than RT plots for all 
tillage groups except those in May for plots in the CS rotation. There was no 
general pattern, however, relating soil moisture levels for all four tillages 
within each group. 
The variability of the soil moisture as indicated by the size of the SLSD 
bars in Figure 4 was much less for CC and CS plots in May than for all 
other tillage groups. Corn plots (CC and CS) had been planted about 20 days 
before the May soil samples were collected, while soybean plots (SC) had 
been planted only a week before soil sampling. It seems likely that water 
uptake by the young corn plants had a major influence on the soil moisture 
levels in the 180 cm soil profile. 
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Table 5. Soil moisture as affected by tillage, crop rotation and sampling date 
Soil moisture, em, in each depth range, em 
Treatment 0-10 0-20 0-30 0-45 0-60 0-90 0-120 0-150 0-180 
May, 1990 
Continuous corn 
Chisel plow 2.60 5.73 9.16 14.10 19.04 28.33 37.53 46.67 54.31 
Moldboard plow 2.83 6.23 9.86 14.74 19.10 27.57 36.09 44.04 51.22 
No till 3.18 ·6.17 9.54 14.85 20.01 29.71 39.93 49.42 58.28 
Rid~ till 2.90 5.91 9.23 14.44 19.21 28.67 37.41 46.36 54.89 
MD Ta 0.69 0.51 0.70 0.76 0.97 2.14 3.83 5.38 7.06c 
Seheffe's LSDb 1.09 1.32 1.80 2.20 2.50 3.56 4.76 5.88 6.73 
Corn-soybean 
Chisel plow 2.71 5.99 9.72 15.45 20.73 30.29 39.50 48.63 57.42 
Moldboard plow 2.97 6.38 9.97 14.80 19.10 27.78 36.75 44.28 52.36 
No till 3.04 5.93 9.11 14.61 19.71 29.04 38.49 47.69 56.58 
Rid~ till 2.87 6.05 9.56 14.60 19.37 28.48 37.57 46.69 56.10 
MD T 0.32 0.45 0.85 0.85 1.63 2.51 2.76 4.35 5.06 
Scheffe's LSD 0.85 1.39 1.94 1.56 2.45 4.01 5.01 5.18 5.74 
Soybean-corn 
Chisel plow 2.55 5.66 9.09 14.35 19.12 28.46 35.87 44.82 53.22 
Moldboard ploW 2.46 5.92 9.61 15.19 19.90 29.05 38.61 47.68 56.61 
No till 2.79 5.79 9.17 14.63 19.62 29.29 38.40 46.80 54.64 
Rid~ till 2.76 5.79 9.35 14.62 19.40 29.61 37.50 46.47 55.14 
MD T 0.33 0.25 0.53 0.84 0.78 1.05 2.74 2.86 3.39 
Scheffe's LSD 0.66 0.93 2.10 2.72 3.32 4.53 6.75 7.15 9.73 
Continuous corn 
September, 1990 
Chisel plow 3.62 7.03 10.19 15.34 19.84 28.49 37.45 46.36 54.21 
Moldboard plow 3.26 6.66 10.14 15.25 19.82 29.43 38.40 46.78 55.09 
No till 4.10 7.24 10.40 15.62 20.35 29.91 40.11 48.88 56.80 
Rid~ till 3.90 7.05 10.24 15.45 20.23 28.82 38.26 47.68 55.98 
MD T 0.84 0.58 0.26 0.37 0.63 1.42 2.66 2.52 2.60 
Scheffe's LSD 1.18 1.74 2.88 4.21 5.77 9.04 10.13 10.58 10.78 
Corn-soybean 
Chisel plow 3.18 6.38 9.60 14.53 19.36 27.71 37.40 46.77 55.55 
Moldboard plow 3.04 6.31 9.61 14.66 18.96 26.97 35.71 45.55 54.56 
No till 3.48 6.45 9.41 14.56 19.00 27.88 37.82 47.06 56.41 
Ridge till 3.42 6.67 9.90 14.94 20.04 28.97 38.77 48.13 56.13 
MDBT 0.44 0.36 0.48 0.41 1.08 2.00 3.06 2.58 1.85 
Scheffe's LSD 0.67 1.25 1.96 2.38 3.32 7.60 9.66 10.15 11.39 
Soybean-corn 
Chisel plow 2.49 5.46 8.72 13.66 18.01 26.68 35.90 45.59 53.98 
Moldboard plow 2.59 5.40 8.25 12.87 17.59 24.45 33.54 42.13 50.36 
No till 2.88 5.74 8.76 13.99 19.10 28.76 38.84 48.21 56.52 
Rid~ till 2.35 5.11 8.14 13.30 18.07 27.41 37.11 46.33 55.00 
MD TOo 0.53 0.64 0.60 1.12 1.51 4.32 5.30 6.08 6.16 
Scheffe's LSD 1.46 2.10 3.18 4.12 5.60 7.69 8.51 9.65 10.14 
October, 1990 
Continuous corn 
Chisel plow 2.50 5.63 8.84 12.45 15.52 23.92 31.76 40.68 49.00 
Moldboard plow 2.23 4.81 7.53 12.21 16.37 24.19 32.48 40.41 48.04 
No till 2.90 5.96 8.83 14.21 18.92 26.66 35.41 44.42 53.04 
Ridge till 2.70 5.37 8.34 12.91 17.08 24.59 33.11 42.06 50.36 
MDBT 0.66· 1.16 1.31 2.00 3.40 2.74 3.65 4.01 4.99 
Seheffe's LSD 0.60 1.53 2.81 5.26 7.71 8.63 8.76 8.12 8.92 
Soybean-corn 
5.12 8.25 17.12 Chisel plow 2.20 13.00 25.40 33.98 43.43 51.64 
Moldboard plow 2.11 4.91 8.15 13.00 16.64 24.71 33.11 41.35 48.98 
No till 1.52 4.94 7.87 12.66 16.88 25.63 34.50 43.63 52.44 
Rid~ till 2.22 4.90 7.94 12.98 17.54 26.65 35.87 44.38 52.86 
MD T 0.70 0.22 0.38 0.34 0.90 1.93 2.76 3.03 3.88 
Scheffe's LSD 0.90 1.19 1.59 2.10 2.85 4.55 5.29 5.98 8.60 
a Maximum difference between treatments; there is at least one statistically significant difference between 
treatment if the MDBT is greater than the Scheffe's LSD 
b Scheffe's least significant difference at an overall error rate of 0.05 
c There is a statistically significant difference between one or more treatments in this depth range 





























































































































The cumulative soil moisture in successive increments of depth is 
presented in Table 5. The SLSD values for an overall error rate of 0.05 are 
also shown for comparing data within each tillage group.The trend of 
higher soil moisture levels in NT plots and lower levels in MB plots is 
supported by the this data, although there were only two statistically 
significant differences. In Table 5, NT plots had the highest moisture levels 
in 53% of the 72 sets of comparisons and MB plots had the lowest moisture 
levels in 58% of the sets. This trend is consistent with the findings of other 
researchers (Smith and Cassel, 1991, Zhai et al., 1990). 
Tillage and crop rotation effects on soil nitrate content 
Overall effect of tillage and crop rotation on soil nitrate levels The 
average nitrate-nitrogen (N03-N) quantities in the 180 cm soil profile for all 
treatments and sample dates are presented in Figure 5. Scheffe's test 
(SLSD) at an overall error rate of 0.05 shows in September for the CC 
rotation that the N03-N level in the soil profile was significantly higher for 
MB plots compared to the N03-N levels for the other tillages. There were no 
statistically significant differences in soil N03-N levels for any of the other 
tillage groups. 
The size of the SLSD bars in Figure 5 shows that the variability in 
N03-N levels was not consistent. The N03-N data for September had the 
smallest spread for each tillage group, indicating the N03-N levels were 
fairly consistent for all the soil samples. The May soil N03-N levels were the 
most variable between tillage groups and the spread for plots in the SC 
rotation was especially wide. This pattern was also seen in the moisture 
levels in the soil profile for May (Figure 4). The reasons for the wide range 
of soil N03-N levels for the SC rotation are discussed later in this chapter. 
The average soil N03-N levels for each tillage fell from May through 






















































































































The data for the CC and SC rotations show the soil NOa-N levels rose in 
October. There was no plant uptake and minimal leaching during that 
month, but the soil temperature and moisture content would have favored 
microbial activity, including mineralization and nitrification. Since soil in 
the CC rotation is heavily fertilized, NOa-N accumulation seems 
reasonable. The substantial increase in soil NOa-N in the SC rotation shows 
there was a high level of N in those plots even without fertilization. 
Kanwar et al. (1992) provided data on N uptake by corn and monthly 
NOa-N leaching losses for 1990. This information was combined with soil 
N03-N data in Table 6 to estimate the minimum amount of nitrification 
needed to maintain the N03-N levels observed in the soil samples. 
Assumptions made in developing this material balance are listed in the 
footnotes below Table 6. Losses of N03-N that would increase the amount of 
nitrification above that shown in the table include volatilization, 
denitrification, seasonal changes in nitrogen (N) immobilization or 
ammonium-nitrogen (NH4 +-N) adsorption, N loss with surface runoff, and 
N leaching that bypasses the tile drain system. Inputs of N03-N that would 
decrease the amount of nitrification shown in Table 6 include precipitation-
supplied N, seasonal mineralization and nitrification, and nitrogen 
fixation by soybeans. 
Between the May and September soil sampling, the estimated 
average nitrification was 166, 153 and 85 kg ha-1 for the CC, CS and SC 
rotations, respectively, while leaching losses were 2.4 times higher for the 
CC rotation than for CS or SC. The higher N03-N levels in the soil of CC 
plots did not increase the amount ofN taken up by the corn crop, nor did it 
significantly increase grain N removal (Kanwar et al., 1992). There was 
clearly no benefit to applying 202 kg ha-1 N fertilizer to CC plots compared to 
applying 168 kg ha-1 to CS plots. This is consistent with the observations of 
Bundy and Malone (1988). These researchers found no increase in corn 
Bundy and Malone (1988). These researchers found no increase in corn 
yield in response to fertilizer N if there was over 150 kg ha-1 N03-N in the 
o to 90 cm soil layer of Wisconsin soils before fertilization. This implies that 
even the 168 kg ha-1 N fertilization rate could have been reduced since the 
average N03-N level was 126 kg ha-1 in May for corn plots in the CS 
rotation. High soil N03-N levels in plots for the se rotation probably 
suppressed N flxation by the soybean crop (Cooperative Extension Service, 
1989b). The estimated amount of nitriflcation in the SC plots is substantial; 
Table 6. N03-N material balance 
N03-N, kg ha-1 
May -----June-Sept----- Sept June-Sept oct Oct Oct 
Soil Cropa Leachb SoH NitrifC Leachb Soil NitrifC 
Continuous corn 
Chisel plow 283 234 78 135 +163 2.6 197 +65 
Moldboard plow 348 222 51 262 +188 2.5 161 -98 
No till 230 210 81 104 +164 2.3 145 -t43 
Ridge till 253 214 68 120 +149 1.0 170 +51 
Average 279 220 70 155 +166 2.1 168 +15 
Corn-soybean 
NAd Chisel plow 167 241 38 40 +151 2.4 NA 
Moldboard plow 133 228 ~ 24 +149 2.5 NA NA 
No till 117 218 2:l 24 +152 0.2 NA NA 
Ridge till 85 204 23 18 +159 1.2 NA NA 
Average 126 223 29 ~ +153 1.6 NA NA 
Soybean-corn 
Chisel plow 230 207e 44 72 +93 1.3 164 +93 
Moldboard plow 228 207 32 83 +94 1.7 183 +101 
No till 218 207 ~ 64 +80 0.8 135 +71 
Ridge till 204 207 2:l 41 +71 1.1 152 +112 
Average 220 207 32 65 +85 1.2 158 +94 
a Adapted from Kanwar et al., 1992; for this purpose, corn N uptake was assumed to occur in June-Sept, 
(Cooperative Extension Service, 1989a) 
b Adapted from Kanwar et al., 1992; this is the N0:3-N that leached from the soil into the tile drainage system 
c If the value is negative, this is the minimum N03-N loss that occurred via paths other than crop uptake or 
leaching (nitrification is assumed to be zero); if the value is positive, this is the minimum amount of 
N03-N that had to be supplied by nitrification 
d No data on October N03-N levels in the corn-soybean rotation were available at the time of this writing 
e Soybean N uptake assumed to occur in June-Sept., with no N fIxation since initial soil N levels were high 
(Cooperative Ext. Service, 1989b); crop N uptake was estimated at 207 kg ha-1 (Tisdale and Nelson, 1966) 
this implies considerable N carryover from previous years due to low crop N 
uptake caused by dry weather and to possible overfertilization. 
Effect of continuous corn production on soil nitrate levels The 
cumulative N03-N levels in the 180 cm soil profile for the CC rotation are 
plotted in Figure 6. The data used in this and similar graphs for the other 
crop rotations are listed in Appendix A. The relatively linear trend in 
N03-N through the soil profile in May shows that any N03-N nitrified from 
the 1990 N fertilizer application was not strongly concentrated in the upper 
soil layer at the time of sampling. The average total N03-N of 279 kg ha-1 
was also well above the 202 kg ha-1 N which was applied as anhydrous 
ammonia (NH3) about 40 days before sampling. 
Gains from nitrification and seasonal N carryover clearly exceeded 
the losses from volatilization, denitrification, plant uptake and N03-N 
leaching. The precipitation in 1988 and 1989 was well below normal. There 
was no soil water flow into the tile drainage system and thus negligible 
N03-N leaching until March, 1990. Further, the N uptake by the continuous 
corn crop was below normal for 1988 and 1989; the total N uptake in the CC 
rotation through September averaged 126 kg ha-1 in 1988 and 165 kg ha-1 in 
1989 compared to 220 kg ha-1 in 1990 (Kanwar et aI., 1992). These factors 
would have promoted the accumulation of N03-N in the soil profile. 
In the 60 to 180 cm soil layer for September, the average amount of 
N03-N was significantly higher in plots under MB tillage than in plots for 
the other tillages. As shown in Table 6, the N03-N leaching loss in MB plots 
from June through September was about 19 kg ha-1less than the average 
loss. There was no statistical difference, however, for any of the tillages in 
the CC rotation with respect to total N uptake by the corn crop (Kanwar et 
al., 1992). Therefore, lower leaching, less denitrification and microbial 
immobilization, more nitrification, and an accumulation of N03-N in the 
subsurface soil solution were responsible for the increased September 
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Figure 6. Cumulative N03-N levels through the 180 cm soil profile in the 
continuous corn rotation as affected by tillage and sampling date 
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The tendency for the MB plots to have slightly lower moisture 
contents would have reduced anaerobic zones in the surface soil and thus 
lowered denitrification rates. The overall C to N ratio would have been 
lowered by higher average NOs-N concentrations in the soil profile of MB 
plots. This would have promoted mineralization and nitrification over 
immobilization in aerobic soil. 
Moldboard plow tillage, which disrupts the network of worm 
l' 
II burrows, root holes and soil cracks and eliminates most macropore 
:, 
'I 
if openings at the soil surface, would favor the flow of water through the soil 
~. 
It 
matrix. Nitrate in the soil solution would be displaced by this matrix flow 
; \ into deeper soil layers where it would be biologically transformed slowly, if 
: ~t all. Whether this displacement would also cause NOs-N to leach into 
-----
,r ground water or accumulate in subsurface soil would depend on the 
amount of perj!Olation. The total amount of NOa-N that leached into the tile 
drainage water was lower than average for MB plots, indicating that much 
of the displaced NOs-N remained in the subsurface soil. The total tile water 
flow from June through September in the CC rotation was lower for MB 
plots than for CP and NT plots; these tile water flows were 14.6, 11.6, 13.3 
and 11.1 cm for CP, MB, NT and RT plots, respectively (Kanwar et aI., 1992). 
This further justifies the argument for the accumulation of NOa-N in the 
60 to 180 cm soil layer. 
By late October, the difference in the soil NOa-N levels among the 
tillages had disappeared. The NOa-N levels in MB plots dropped about 
100 kg ha-1 from their September values, while the NOs-N levels for the 
other tillages rose an average of 43% from September to October as shown in 
Figure 7. The distribution of NOS-N in the soil profile also became nearly 
constant. During this three to five week period, the 10 cm deep soil 
temperature dropped from about 16°C (61°F) to 7°C (45°F) and only 54 mm of 




















































































































































































































































N ratio and no plant uptake ofN would have favored moderate rates of 
mineralization and nitrification, little N03-N leaching, minimal 
immobilization and denitrification. This resulted in N03-N accumulation 
in the soil profile. 
Figure 7 compares the shifts of N03-N in the soil profile from May to 
October. If N03-N were evenly distributed throughout the 180 cm soil 
profile, the black segment of each bar would be 1/6 of the total bar length, the 
white segment 1/3, and the striped segment 1/2. In May, the N03-N was 
almost evenly distributed, but N03-N was concentrated in the 60 to 180 cm 
soil layer by September. In October, the N03-N was again uniformly 
distributed in the soil profile. 
Effect of corn-soybean production on soil nitrate levels There 
were no statistically significant comparisons for N03-N levels in plots for 
the CS rotation, but trends in this data indicated a pattern of N03-N cycling 
that was different from that of the CC rotation. In May, the N03-N levels in 
CS plots were at or below the NH3 application of 168 kg ha-1 N which had 
been applied about 40 days before. Figures 8 and 9 show that N03-N in CP 
and RT plots was concentrated in the upper soil layer, while that in MB and 
NT plots was more evenly distributed throughout the soil profile. 
It appears that little mineralization and nitrification occurred in the 
spring of 1990 and minimal soil N was carried over from the previous 
seasons. Plots in the CS rotation received only 168 kg ha-1 of N fertilizer in 
spring, 1988, and none in 1989. Even though there was no N03-N leaching 
loss and little denitrification during these two dry years, only a small net 
gain of 40 kg ha-1 N was possible due to the average N uptake of 131 kg ha-1 
by the 1988 corn crop (Kanwar et al., 1992). If the 1989 soybean crop 
assimilated more N than it fixed or there were N losses by N volatilization 
or by a long-term low rate of N03-N leaching or denitrification, there could 
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Figure 8. Cumulative N03-N levels through the 180 em soil profile in the 























































































































































































































season. The lack of N accumulation in the soil would have reduced the 
potential for mineralizing and nitrifying residual organic N and adsorbed 
NH4-N when soil moisture levels rose in spring, 1990. 
Rainfall may also have further reduced the soil NOa-N that was 
nitrified from the 1990 NHa fertilizer application. Assuming a loss of 2.6% 
by weight of fertilizer N for every 10 mm of rain during this period (Pow Ison 
et al., 1992), an estimated 37 kg ha-1 fertilizer N was leached and denitrified 
from CS plots. If all remaining fertilizer N was nitrified, 131 kg ha-1 NOa-N 
would have been present in the soil. This is within the actual range of soil 
N03-N measured in May. This assumption that much of the NOa-N in the 
soil in May could have come from the 1990 fertilizer application is supported 
by the accumulation of 65 to 70% of the soil NOa-N in the top 90 cm for plots 
in the CP and RT rotations (Figure 9). 
By September, the NOa-N in the soil profile was depleted to an 
average of 26.3 kg ha-1. Most of this NOa-N was concentrated in the 90 to 
180 em soil layer, a pattern similar to the distribution of soil NOa-N in ee 
plots in September. No data were available for the October soil N03-N levels 
in es, consequently the amount of nitrification from September through 
October in this crop rotation could not be estimated (Table 6). Extrapolating 
the trend seen in the ee and se rotations, however, the soil NOa-N levels in 
the es plots may have increased through mineralization and nitrification 
from 50 to 100 kg ha-1 in September to 75 to 125 kg ha-1 in October. Because 
this estimated N03-N level was substantially below that of the other tillages, 
the' potential for winter-time leaching of N03-N would have been reduced. 
Effect of soybean-corn production on soil nitrate levels The N03-N 
levels for the se rotation in all tillage groups appeared to follow the same 
pattern as those for the CC rotation. Figure 10 shows that the N03-N was 
abundant and fairly evenly distributed in May, was nearly depleted in the 
upper soil layer by September, and was again plentiful and evenly spread 
through the soil profile by October. The average NOa-N levels within the 
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Figure 10. Cumulative N03-N levels through the 180 em soil profile in the 
soybean-corn rotation as affected by tillage and sampling date 
The variability in the soil N03-N data for May, however, was 
extremely high. For the entire 180 cm soil profile, the N03-N level averaged 
220 kg ha-1, but Scheffe's least significant difference (SLSD) at an overall 
error of 0.05 was 372 kg ha-1, a value 170% larger than the average. Table 7 
indicates why the variability in the N03-N levels was so large. The N03-N 
level in one of the three plots for each tillage was much lower than the 
amount of N03-N in the other two plots. Without these low values, the 
average N03-N level in the entire soil profile for all tillages was 291 kg ha-1 
with a range from 254 to 344 kg ha-1. The plots with low N03-N levels, 
numbers 17, 18,27 and 28, contained an average N03-N level of 71 kg ha-1 
with a range of 35 to 129 kg ha-1. These four plots are located together in one 
block at the southwest corner of the experimental site (Figure 1). 
This anomaly does not appear to be an analytical error. A total of 36 
separate samples were tested from plots 17, 18, 27 and 28 and all the 
laboratory results from these samples consistently showed low N03-N 
levels. Nor does it seem to be a sampling error, since three separate 
Table 7. Total N03-N in the 180 cm soil profile for individual plots in the 
soybean-corn rotation for May, 1990 
Tillage Plot number N03-N 
kg/ha 
Chisel plow 4 310.09 
18 35.42 
33 343.88 
Moldboard plow 12 264.94 
17 83.43 
34 330.58 
No till 3 253.71 
24 253.05 
28 129.22 




soil cores from different sections of each plot were composited into one 
sample set. This practice should compensate for the variability of soil 
moisture and N03-N levels within a plot. 
There are, however, two possible explanations for this occurrence. If 
this specific group of twelve soil cores had not been frozen promptly after 
they were collected in the field, microbial denitrification could have 
substantially lowered the N03-N levels in all the samples. Alternatively, 
some physical factor in the southwestern block may have contributed to a 
comparatively high rate of leaching or denitrification or low rate of 
nitrification. If so, the phenomenon was limited only to the May sample set. 
The overall trend in the May N03-N data for two of the three plots in 
the se rotation, however, was for large amounts of N03-N to be distributed 
in the soil profile. In 1988, however, no fertilizer N was applied and, in 1989, 
the 165 kg ha-1 N uptake by the corn crop (Kanwar et al., 1992) nearly 
equalled the fertilization rate of 168 kg ha-1. No N fertilizer was applied 
again in 1990, so the N03-N levels in May must have resulted from N 
accumulation, organic N mineralization, and NH4-N nitrification and with 
minimal N volatilization, denitrification, and N03-N leaching. 
This seems to conflict with the trend seen in the May samples from 
the es rotation. The low soil N03-N levels in that rotation for May were 
apparently caused by little mineralization and nitrification in the spring of 
1990 and minimal N03-N carryover from previous years. The timing of 
fertilization and the differences in the corn and soybean N uptake in 1988 
and 1989 may have caused a net decline in soil N for the es rotation and a 
net gain for the se rotation. An accumulation of soil N in the se rotation 
would have favored a flush of mineralization and nitrification when the soil 
moisture levels rose in the spring of 1990. 
This extreme variability in soil N03-N levels was not seen in the 
September and October data, however. By late September, the N03-N level 
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had dropped sharply as shown in Figure 11. The average N03-N level in the 
entire soil profile for all tillages was 65 kg ha-1. Nitrate leaching, 
denitrification, microbial immobilization, and an estimated 207 kg ha-1 N 
uptake by the soybean crop (Cooperative Extension Service, 1989b, Tisdale 
and Nelson, 1966) contributed to the drop in the N03-N levels. Much of the 
N03-N in September was concentrated in the 90 to 180 clI!- soil layer 
although nitrification may have also elevated the N03-N levels in the 0 to 
30 cm soil layer in the CP and MB rotations (Figure 11). 
By October, the average N03-N level for all tillages rose sharply to 
158 kg ha-1. This soil N03-N level is comparable to the average of 168 kg ha-1 
in the plots for the CC rotation. For this situation to occur, the level of soil N 
in the SC rotation must have been comparable by the end of the growing 
season to the soil N levels in the heavily fertilized CC rotation. Figure 11 



























































































































































































































































Mter 14 years of consistent cropping and tillage practices, there were 
few significant differences in the amount of moisture and nitrate-nitrogen 
(NOa-N) in the soil profile during the 1990 growing season. The moisture 
content in the soil profile tended to be slightly'lower in plots under 
moldboard plow tillage and slightly higher in no-till plots. This trend was 
consistent and was supported by two statistically significant comparisons 
in this year of above-average precipitation. 
For each sampling time, plots in the continuous corn rotation had 
higher average soil NOs-N levels compared to plots in the corn-soybean and 
soybean-corn rotations. Within each crop rotation, the May soil samples 
contained the highest NOa-N levels and this NOs-N tended to be evenly 
distributed throughout the 180 em soil profile. In September, soil NOs-N 
levels were the lowest overall and most of this NOs-N was concentrated 
below the 60 em depth. The September NOs-N levels in the continuous corn 
rotation were significantly higher below 60 em for plots in moldboard plow 
tillage than for those under the other tillages. By October, mineralization of 
organic nitrogen (N) and nitrification of ammonium-nitrogen (NH4 +-N) 
increased the average NOs-N levels in plots for all but one of the tillages in 
the continuous corn and and soybean-corn rotations (no October data for 
corn-soybean was available). The NOa-N was again evenly distributed in the 
soil profile. 
The influence of tillage on soil NOs-N in this experiment was not as 
great as that of crop rotation and, more specifically, the amount of fertilizer 
N applied to the two corn rotations. Compared to corn plots in the corn-
soybean rotation, 20% more fertilizer N was applied to plots in continuous 
corn and the average NOa-N leaching loss for continuous corn plots was 
140% greater from June through September. The average corn N uptake 
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and corn yields, however, were similar in both rotations. Further, the 
N03-N in the soil profile in continuous corn plots was higher at the end of 
the growing season. This can lead to substantial fallow season leaching. No 
matter what tillage method was used, fertilizer N rates should have been 
tailored to the amount of N03-N already in the soil profile and to the N 
needs of the crop to minimize the N03-N leaching potential throughout the 
year. 
The soybean-com rotation was the exception to this rule. No fertilizer 
N was applied to soybean plots in 1990, but the average soil N03-N levels for 
plots in the soybean-com rotation were consistently between those in the 
continuous corn and corn-soybean rotations. Substantial amounts of N03-N 
were provided in the soybean plots by mineralization and nitrification 
throughout the growing season. Leaching losses from June through 
September, however, were similar to the losses for corn-soybean and about 
50% of the leaching losses observed for continuous corn. Minimizing the 
amount of fertilizer N applied to corn in a corn-soybean rotation may have 
reduced the total soil N and thus the amount of nitrification when soybeans 
were grown. Planting a fall cover crop could have also reduced the fall and 
winter N03-N leaching potential by storing N in plant tissue. 
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RECO~NDATIONSFORFURTHERWORK 
As laboratory results become available, the data from 1991 and 1992 
soil samples must be compiled with the 1990 data. This will provide a more 
complete idea of the quantities'and locations of N03-N and moisture in the 
soil in response to four tillages, two crop rotations, and several years of 
varying climatic conditions. 
Further research using the minimum practical N fertilizer rates is 
needed to better characterize soil N03-N variability and N03-N leaching 
potential with respect to crop rotation and tillage. Research should also be 
conducted throughout the year to evaluate the N03-N leaching potential in 
the fallow and growing seasons. Finally, investigation of the effects of 
tillage and crop on mineralization, nitrification, immobilization and 
denitrification is needed to improve the accuracy of a nitrogen mass 
balance in cropland. 
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APPENDIX A 
COMPARISONS OF SOIL N03-N AS AFFECTED BY TILLAGE, 
CROP ROTATION AND SAMPLING DATE 
Treatment 0-10 0-20 
N~-N, k~ ha·1, in each depth range, em 
0- 45 0-60 0-90 0-120 0-150 0-180 
Continuous corn 
May, 1990 
Chisel plow 12.78 22.96 35.71 53.70 74.80 126.09 198.36 248.78 283.46 
Moldboard plow 18.42 39.01 73.13 101.91 119.53 196.33 274.87 321.46 347.81 
No till 26.83 38.12 47.95 61.95 78.27 123.97 168.46 203.90 230.30 
RidM till 20.69 34.59 45.96 66.85 86.75 136.75 189.39 227.40 253.07 MD Ta 14.05 16.05 37.42 48.21 44.73 72.36 106.41 117.57 117.52 
Scheffe's LSDb 27.15 46.27 94.85 134.33 150.14 130.35 158.19 213.93 236.31 
Corn-soybean 
22.70 51.94 68.91 83.05 89.53 111.22 139.68 153.61 167.38 Chisel plow 
MoldbOard plow 10.68 18.43 24.64 32.39 40.42 68.11 103.75 120.70 132.94 
No till 15.54 21.44 25.90 32.72 39.38 59.92 85.64 103.12 116.90 
RidM till 23.17 33.40 41.55 46.62 51.84 60.96 72.45 79.08 85.31 
MD T 12.49 33.51 44.27 50.66 50.15 51.31 67.23 74.52 82.07 
Scheffe's LSD 29.20 83.83 108.95 128.11 130.69 154.74 161.14 161.02 160.17 
Soybean-corn 
34.52 45.94 56.66 93.74 Chisel plow 15.94 24.97 143.58 194.27 229.80 
MoldbOard plow 13.73 25.48 36.57 52.56 69.58 113.20 158.49 199.14 227.87 
No till 21.80 34.75 46.60 60.20 77.56 122.28 162.18 192.80 217.64 
RidM till 16.46 27.42 39.19 54.50 73.04 115.91 150.17 178.86 203.74 
MD T 8.08 9.78 12.08 14.26 20.91 28.54 18.60 20.28 26.06 
Scheffe's LSD 17.16 37.30 52.90 80.52 100.77 160.40 233.31 306.24 372.11 
Continuous corn 
September, 1990 
Chisel plow 4.17 7.86 10.42 11.71 13.42 29.98 71.23 98.62 134.66 
MoldbOard plow 0.87 7.40 13.39 19.26 29.92 76.96 146.59 213.05 262.01 
No till 3.85 4.91 5.19 5.19 7.05 18.69 46.27 77.55 103.73 
Ridlf3 till 11.22 17.82 20.43 22.67 26.22 38.99 67.37 95.08 119.73 
MD T 10.35 12.91 15.25 17.49 22.87 58.27c 1oo.32c 135.51c 158.29<' 
Scheffe's LSD 11.65 17.20 20.99 25.63 28.11 42.01 63.72 88.18 83.56 
Corn-soybean 
1.74 5.45 6.03 6.03 6.03 9.22 19.78 28.68 39.90 Chisel plow 
Moldboard plow 0.00 0.00 0.00 0.00 0.00 0.00 7.59 16.63 23.60 
No till 1.31 1.31 1.31 1.31 1.31 1.31 5.46 15.65 24.05 
Ridlf3 till 6.80 8.82 9.38 9.80 9.80 9.80 10.79 16.65 17.1>7 
MD T 6.80 8.82 9.38 9.80 9.80 9.80 14.32 13.03 22.24 
Scheffe's LSD 11.03 16.08 17.19 18.15 18.15 21.37 32.64 45.31 62.68 
Soybean-corn 
5.87 13.49 16.53 18.87 21.16 29.79 41.76 61.22 72.27 Chisel plow 
Moldboard plow 8.03 11.22 14.41 17.10 17.53 22.08 45.59 69.47 83.41 
No till 1.85 3.05 7.55 11.73 12.20 22.10 32.24 53.13 64.47 
Ridlf3 till 0.00 2.40 4.50 4.50 4.50 4.50 11.55 23.65 41.07 
MD T 8.03 11.09 12.03 14.37 16.66 25.29 34.04 45.82 42.34 
Scheffe's LSD 12.73 20.19 25.10 32.18 35.66 46.61 58.96 78.84 72.23 
October, 1990 
Continuous corn 
Chisel plow 18.54 31.15 41.16 50.29 58.67 84.31 124.90 162.36 197.04 
Moldboilrd plow 12.71 21.51 28.42 35.53 43.86 66.26 97.94 133.68 161.05 
No till 12.96 21.03 26.07 35.74 43.84 57.41 76.39 112.26 144.76 
Ridlf3 till 14.38 24.92 32.70 42.17 52.03 68.94 98.31 133.64 169.68 
MD T 5.83 10.12 15.09 14.77 14.83 26.90 48.51 50.10 52.28 
Scheffe's LSD 27.71 32.36 38.33 44.90 52.75 67.55 97.37 124.90 147.61 
Soybean-corn 
9.95 22.13 31.95 44.89 52.76 70.30 97.14 129.57 164.01 Chisel plow 
Moldboilrd plow 10.21 19.71 31.57 43.28 52.56 71.10 107.49 147.76 183.21 
No till 11.40 19.58 27.68 37.56 45.54 60.88 82.90 108.21 134.67 
RidM till 15.35 23.77 32.03 42.31 50.92 71.91 98.44 126.89 151.75 
MD T 5.41 4.19 4.35 7.33 7.22 11.02 24.59 39.55 48.54 
Scheffe's LSD 16.06 19.53 22.89 30.04 33.82 38.60 52.78 72.72 89.86 
a Maximum difference between treatments; there is at least one statistically significant difference between 
treatments if the MDBl' is greater than the SLSD 
b Scheffe's least signiftcant difference at an overall error rate of 0.05 
c There is a statistically significant difference between one or more treatments in this depth range 
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APPENDIXB 
STATISTICAL DATA ON SOIL N03-N AND MOISTURE 
FOR EACH SAMPLING DATE 
Treatment of missing data: 
Treatments with missing data are identified in the following table by values less than 
3 in the columns for "n", number of observations. All missing data were replaced with 
estimated values to simplify the analysis of variance calculations and identification 
of significant differences. 
If one value in a three replicate set was missing, the average of the remaining replicate 
values was used as an estimate of the missing value. If two of the replicate values were 
missing, the average of all values for that crop, sampling time and depth (the block 
average) was substituted for one missing value. The second was estimated by 
calculating the average between the one existing replicate value and the block average. 
A more rigorous method for replacing missing values is explained in Snedecor (1956). 
This iterative method would have been used to estimate the missing values if more 
comparisons between the data sets appeared to be significantly different. 
Data below the laboratory detection limit: 
The laboratory detection limits was 0.5 ppm for N03-N. The lab reported results that 
were below these limits as <0.5 ppm. For statistical analysis, these values were 
replaced with zeros, as shown in the following table. 
Treatment key: 
The first two numbers of the treatment key are the crop rotation 
11 = continuous corn 
12 = corn-soybean (current crop is corn in the corn-soybean rotation) 
21 = soybean-corn (current crop is soybean in the corn-soybean rotation) 
The third number of the treatment key is the tillage 
1 = chisel plow 
2 = moldboard plow 
3 =no till 
4 = ridge till 
Example: 214 is ridge till in the soybean-corn rotation 
Abbreviations: 
n = number of observations not including estimated values 
avg = arithmetic average or mean 



















































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































RAW DATA FROM 1990 SOIL SAMPLES, VALUES AS OF 8/20/92 
Calculations: 
The original data from the lab were reported as ppm nitrate in dry soil, ppb herbicide in 
dry soil, and % by weight water on a wet soil basis. The soil density and soil layer 
thickness were used to convert the data as follows: 
soil layer thickness, cm = lower depth, cm - upper depth, cm 
N03-N, kg ha-1 = N03-N, ppm * soil layer thickness, cm * soil density, g cc-! /10 
N03-N, mg 1-1 = N03-N, ppm / water, % by weight * 100 
herbicide, kg ha-1 = herbicide, ppb * soil layer thickness, cm * soil density, g cc-1 
/10000 
herbicide, mg 1-1 = herbicide, ppb / water, % by weight / 10 
water, wt % dry soil basis = (water, % by weight on wet soil basis)/(lOO - water, % by 
weight on wet soil basis) * 100% 
water, cm = water, % by weight on dry soil basis * soil layer thickness, cm * soil 
density, g cc-1 / 100 
Treatment, crop and tillage keys: 
The first two numbers of the treatment key are the crop rotation: 
11 = continuous corn 
12 = corn-soybean (current crop is corn in the corn-soybean rotation) 
21 = soybean-corn (current crop is soybean in the corn-soybean rotation) 
The third number of the treatment key is the tillage: 
1 = chisel plow 
2 = moldboard plow 
3 = no till 
4 = ridge till 
Example: 214 is ridge till in the soybean-corn rotation 
Abbreviations: 
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